1.. Introduction
================

Cardiovascular diseases in the twilight of the 21st century, account for more than 33% of all human mortality and remain the leading cause of human mortalities worldwide ([@b1-mmr-17-02-2089]). In addition to the extension of the expected lifespan over the last few decades and the prolongation of life expectancy in the future, the prevalence of age-related diseases, such as cardiomyopathies are expected to be raised. Despite recent advances in the medical treatment of heart diseases, the cohort of patients requiring surgical treatment, particularly the elderly, is on the increase ([@b2-mmr-17-02-2089]).

During cardiac surgery procedures, despite the meticulously applied intraoperative cardioprotective techniques, myocardial ischemia remains, resulting in the expansion of molecular sequences of cardiomyocyte reperfusion injury, exhibited as myocardial arrhythmias, infarction, low cardiac output or even death in the early postoperative course of cardiac surgery patients ([@b3-mmr-17-02-2089]).

The aim of the present study is to outline the molecular mechanisms underlying the operative cardiomyocyte adaptive homeostatic process and the associated clinical implications, in the settings of cardiac surgery procedures.

2.. Mechanisms of myocardial cell death: Autophagy, apoptosis, and necrosis
===========================================================================

Cell death, the biological event where the cell ceases to carry out its functions, may originate from three different cellular mechanisms, namely: Apoptosis, autophagy and necrosis. Cardiomyocyte death, either progressive or acute, constitutes a hallmark of various cardiac diseases, such as heart failure, myocardial infarction and ischemia reperfusion injury ([@b4-mmr-17-02-2089],[@b5-mmr-17-02-2089]). Cardiac surgery procedures are conjoined with a number of myocardial stress stimuli, such as ischemia-reperfusion, cardioplegic arrest, oxidative product agents, inflammatory mediators and surgical trauma, which trigger the mechanism of myocardial cell death ([@b6-mmr-17-02-2089]).

All three of the cell death mechanisms have been identified in cardiomyocyte death during the progression of myocardial injury in cardiac surgery procedures ([@b7-mmr-17-02-2089],[@b8-mmr-17-02-2089]). Physiologic aging-related cell death primarily occurs by means of an evolutionariily preserved form of cell suicide termed apoptosis.

'Apoptosis', derived from the Greek term '*apo - ptosis*' means 'the fall of tree leaves', was first introduced in 1972 to determine a natural form of cell death that occurs in multicellular organisms ([@b9-mmr-17-02-2089]). It constitutes a programmed cell death process that is energy-dependent, precisely regulated and genetically directed. The mechanism of apoptosis belongs to the extreme cell\'s defense system against the accumulated damaged and aged proteins subjected to a persistent degradation process. It has been estimated that 50--70 billion cells die each day in the average human adult due to the apoptotic process ([@b8-mmr-17-02-2089]).

A variety of myocardial pathologies, such as myocardial ischemia-infarction, dysrhythmias, or myocardial contractile dysfunction, are associated with an increasing number of proapoptotic stimuli that have been identified to promote cardiomyocyte apoptosis. A group of proapoptotic stimuli, including: Ischemia, reperfusion injury, cellular calcium Ca^2+^ overload, oxygen-free radicals, tumor necrosis factor (TNF)-α, atrial natriuretic factor (ANF), pressure overload, increased levels of angiotensin II and catecholamine, as well as decreased Fas ligand and p53 levels, are involved in the induction of cardiomyocyte apoptosis ([@b9-mmr-17-02-2089]).

Apoptotic bodies comprise dying apoptotic cells that are consequently engulfed by phagocytic cells and recycled to prevent an inflammatory response, while the morphological alterations of apoptotic cell death include cell shrinkage, plasma membrane bleeding, nuclear condensation, DNA fragmentation, and mRNA decay ([@b4-mmr-17-02-2089],[@b9-mmr-17-02-2089]).

In cardiac surgery procedures, the main stimuli for myocardial cell apoptosis may originate from myocardial ischemia and oxidative stress (intrinsic pathway) or from elevated inflammatory elevated humoral mediators released during cardiopulmonary bypass (CPB) (extrinsic pathway) ([@b10-mmr-17-02-2089],[@b11-mmr-17-02-2089],[@b12-mmr-17-02-2089]).

Autophagy is a Greek term '*auto - phagy*' (eating oneself) that defines the destruction of the cytoplasm elements, organelles and aged proteins, in a programmed sequestration procedure, which finally isolates them in double membrane vesicles, termed autophagosomes. These autophagosomes are consequently transferred into lysosomes, where they are broken down within the lysosomatic acid hydroxylase action ([@b13-mmr-17-02-2089]). Autophagy is a low-level continuous process in mammalian cells, serving as a 'housekeeper' for the destruction of dysfunctional proteins and organelles ([@b14-mmr-17-02-2089]). Predominantly, autophagy has an adaptive role and acts as a defense mechanism to protect organisms against various pathologies including heart diseases, cancer and a number of neurodegenerative disorders, including Alzheimer\'s, Parkinson\'s and Huntington\'s disease ([@b15-mmr-17-02-2089],[@b16-mmr-17-02-2089]). Moreover, autophagy is involved in essential biological processes, such as tumorigenesis and differentiation, and is reduced with age ([@b17-mmr-17-02-2089],[@b18-mmr-17-02-2089]). Autophagy is impaired in the cardiorenal metabolic syndrome and suppressed by hyperlipidemia, hypercholesterolemia and obesity ([@b19-mmr-17-02-2089],[@b20-mmr-17-02-2089]). Insulin signaling may suppress the myocardial autophagic process and increase the propensity for left ventricular dysfunction in diabetic patients in the context of ischemia reperfusion injury ([@b21-mmr-17-02-2089]). The process of autophagy seems to regulate both cell viability and death, thereby preserving cell homeostasis. However, in certain circumstances, it also serves to modulate cell death through the self-cannibalistic function of essential cellular components ([@b22-mmr-17-02-2089]--[@b24-mmr-17-02-2089]). The evolutionarily preserved cytoplasmic autophagy process is mainly regulated by 30 autophagy-related genes (Atgs), which have been cloned. Autophagy is induced via macro-autophagy, micro-autophagy and the chaperon-mediated autophagy pathways, in which heat shock cognate 70-specific proteins are delivered to lysosomes by binding to the chaperone ([@b25-mmr-17-02-2089]).

Macroautophagy is a common mechanism involved in mammalian cells and is generally referred to as autophagy. Mitochondrial autophagy (mitophagy) serves as a cytoprotective mechanism, which under normal conditions, recycles the damaged mitochondria, preserving ATP production and preventing apoptotic or necrotic cell death ([@b26-mmr-17-02-2089]). In response to hypoxic or ischemic conditions, organs and cells show a multiple adaptive molecular metabolic process for their survival. Autophagy belongs to the exclusive hypoxic adaptation mechanisms that remove damaged mitochondria and misfolded proteins through a salvage lysosomal pathway in response to stress stimuli. It may be of the last mechanisms involved in cellular and organ ATP rescue in hypoxic conditions ([@b27-mmr-17-02-2089]).

'Necrosis' is a term derived from the homonymous Greek word and means cell death by a savage, non-reversible and irregular degradation, as a result of profound disintegration of cell homeostasis ([@b6-mmr-17-02-2089]).

Cell necrosis is defined by distinct morphological changes, including organelle swelling \[endoplasmic reticulum (ER) and mitochondria\], ATP loss, rupture of plasma membrane and enzymes leaking out of lysosomes into the cytoplasm, resulting in lysis and cell death necrosis. The release of cellular contents that typically follows necrotic cell death, triggers a secondary inflammatory cascade, unlike apoptosis or cell death. Apart from passive or accidental cell death secondary to physical or chemical trauma, emerging evidence suggests that a part of cell necrosis is regulated via serial signaling pathways, in a well-orchestrated cascade. A cohort of terms has been introduced to describe this form of necrosis, such as 'programmed necrosis', 'casp-independent cell death' and 'necroptosis' ([@b6-mmr-17-02-2089],[@b28-mmr-17-02-2089]). Molecular mechanisms that have been associated with cell execution include the enhancement of cytosolic Ca^2+^ and Na^+^ concentrations of ROS accumulation, as well as mitochondrial permeability transition pore (MPTP) opening ([@b29-mmr-17-02-2089],[@b30-mmr-17-02-2089]).

On the other hand, in normal biological conditions, cell proliferation and death belong to the process of homeostasis. The term homoeostasis derived from the ancient Greek words 'homeo' and 'stasis', refers to the ability of an organic system to preserve its inner environmental stability, independently of the outer conditions. The rationale was first described in 1856 by the French physiologist Claude Bernard and was popularized in 1926 by the physiologist W. Cannon ([@b31-mmr-17-02-2089]).

Under regular conditions, cell homeostasis remains stable secondary to adaptive autophagy, which metabolizes and recycles aged and aggregated misfolded proteins of the damaged cell ([@b32-mmr-17-02-2089]). The mechanism belongs to the endogenous protective cellular mechanisms and is referred to as 'homeostatic intracellular repair response' (HIR^2^) ([@b31-mmr-17-02-2089]). In case of autophagic mechanism insufficiency, the accumulated aged cellular proteins and pathological organelles lead to apoptosis or programmed cell death. By contrast, in case of excessive autophagic mechanism beyond a certain threshold, the cytosol and organelles are destroyed, paving the way for autophagic cell death ([@b33-mmr-17-02-2089]). It has been suggested that the removal of destroyed cellular organelles and pathologically misfolded proteins follows the induction of the autophagic process and thus ATP production. Consequently, myocardial contractility is preserved, while apoptosis and cell death are suspended ([@b34-mmr-17-02-2089]). In other words, cellular homeostasis may be preserved secondary to the balance between autophagy and the mechanisms of apoptosis ([@b35-mmr-17-02-2089]).

3.. Principles of cardiomyocyte apoptosis
=========================================

Given that the mechanism of apoptosis is a regulated cellular 'altruist cell suicide', which supports the rest of the organism as a whole, it constitutes an essential component of development and organ homeostasis. In other words, it keeps the cell count and tissue 'diathesis' tendencies under control, both in normal and pathological conditions ([@b36-mmr-17-02-2089]). Homeostasis in mammalians cells, regulated via cell growth and differentiation, also occurs from the process of apoptosis involvement ([@b37-mmr-17-02-2089]). A sequence of molecular events is involved in apoptotic cell death activated by means of a cascade from at least 10 caspases, including cysteine, aspartic, and acid-specific protease ([@b38-mmr-17-02-2089]).

Cardiomyocyte apoptosis is triggered by numerous signal pathways and regulated by multi-complicated extrinsic and intrinsic ligands. The intrinsic one is the main pathway and is also known as 'mitochondrial' due to the involvement of the mitochondrial cytochrome *c*. A wide spectrum of apoptotic signals, including oxidative stress, hypoxia, apoptosis-inducing factor (AIF), aberrant oncogene expression, p53 and DNA fragments activate the intrinsic pathway ([@b39-mmr-17-02-2089],[@b40-mmr-17-02-2089]).

The extrinsic apoptotic pathway is activated by death ligands, such as the Fas ligand or TNF-α, which bind to analogous cell plasma membrane receptors ([@b41-mmr-17-02-2089]). The *Bcl-2* gene family activates the intrinsic pathway and has pro-apoptotic properties due to Bax, Bak, Bnip3, as well as anti-apoptotic properties due to the Bcl-2, and Bcl-x proteins. It has been suggested that the determination of the cell towards the apoptosis cascade is dictated by the relative ratio of pro-apoptotic Bax to anti-apoptotic Bcl-2 proteins that are accumulated in the cell ([@b42-mmr-17-02-2089]).

A cohort of systemic pathologies is associated with irregular apoptosis mechanism activation ([@b43-mmr-17-02-2089]). In the cardiovascular system, apoptosis is involved in acute and chronic ischemic cardiomyopathies, idiopathic cardiomyopathies, myocardial infarction cell death, reperfusion injury, acute and chronic heart failure, arrhythmogenic right ventricular dysplasia, long-QT syndrome, coronary artery disease, and systemic atherosclerosis ([@b44-mmr-17-02-2089]--[@b48-mmr-17-02-2089]).

Ischemic myocardial conditions are the principal inducers of cardiac apoptosis. Myocardial infarct-associated apoptosis in humans has been predominantly found in the hypoperfused area between the focal infarct area and the non-ischemic myocardial tissue. It has been demonstrated that 12% of apoptotic cell death is found in the infarct zone and 1% in the non-ischemic area, suggesting the involvement of programmed cell death or apoptosis in myocardial infarction ([@b49-mmr-17-02-2089]). Notably, the apoptotic process appears to participate in the remodeling procedure of a saphenous vein graft failure and it is encountered as a major determinant of restenosis graft development ([@b50-mmr-17-02-2089]).

CPB during cardiac surgery initiates an acute systemic inflammation response secondary to the blood exposure on artificial surfaces of the bypass machine.

A variety of inflammatory mediators that bear proapoptotic stimuli properties include oxygen-free radicals, cytokine release, nitric oxide (NO), Fas ligand, TNF-α, and neurohumoral factors, such as angiotensin II and p53 protein. These substances subsequently potentiate a cascade cellular response throughout the patient\'s body ([@b51-mmr-17-02-2089],[@b52-mmr-17-02-2089]).

Multiple organ dysfunction, encountered in the post-bypass syndrome, including myocardial, pulmonary, cerebral, and renal, seems to be secondary to the abovementioned overwhelming and overlapping inflammatory mediators and the systemic endothelial cell activation during CPB, which in turn may provoke apoptotic cell injury to these organs ([@b53-mmr-17-02-2089]--[@b57-mmr-17-02-2089]).

The elevated levels of death ligands TNF-α and Fas in the serum of cardiac surgery patients subjected to CPB and the indices of myocardial apoptosis activation after CPB and blood cardioplegia, support the evidence for promoted apoptosis secondary to CPB machine function, surgical trauma and hypothermia ([@b11-mmr-17-02-2089],[@b58-mmr-17-02-2089]--[@b60-mmr-17-02-2089]). Cardiomyocyte apoptosis, which is present in arrested myocardium, seems to be secondary to the remaining myocardial ischemia per se, despite the applied cardioplegic preservation techniques ([@b11-mmr-17-02-2089]).

Myocardial reperfusion subsequent to cardioplegic arrest accelerates the apoptosis cascade, which is triggered by the increased cellular Ca^2+^ concentration and massive production of oxidative agents ([@b61-mmr-17-02-2089],[@b62-mmr-17-02-2089]). Aebert *et al* reported that the patient\'s serum after CPB exercises a robust apoptotic activity on human endothelial cells, possibly through the extrinsic pathway, which may consequently provoke the postoperative enhancement of vascular permeability and organ dysfunction in such patients ([@b63-mmr-17-02-2089]).

Considering that apoptosis is a well-regulated process, there is a reliable prospect for pharmacological or genetic intervention to prevent cell death apoptosis and the consequences of myocardial dysfunction associated with cardiac surgery procedures. It has been reported that cardioplegia-induced apoptosis in human left ventricle cadiomyocytes can be effectively prevented using N-acetylcysteine scavenger, which is a promising method that can be applied for myocardial reperfusion injury prevention during cardiac surgery procedures ([@b11-mmr-17-02-2089]).

4.. Principles of cardiomyocyte autophagy
=========================================

Myocardial autophagy was first reported in the 1970s ([@b64-mmr-17-02-2089]). The induction of autophagy and the crosstalk to apoptotic mechanisms formulate the 'core' of molecular homeostasis in cardiomyocytes, in terms of a continuous balanced renovation for the removal and replacement of damaged cell elements ([@b31-mmr-17-02-2089],[@b65-mmr-17-02-2089]). In response to severe stress stimuli, autophagy induction may trigger either apoptotic or necrotic cell death, indicating the crosstalk between cellular death mechanisms ([@b66-mmr-17-02-2089]). Mounting evidence indicates that the mechanisms of apoptosis, autophagy and necrosis are linked and interrelated, signifying a new era in the approach of the myocardial cell homeostasis ([@b65-mmr-17-02-2089],[@b67-mmr-17-02-2089]--[@b69-mmr-17-02-2089]).

In a cohort of myocardial pathologies, including ischemic cardiomyopathy, myocardial hypertrophy, dilated cardiomyophathy and heart failure, activation of the autophagy process modifications reflects either the compensatory mechanism aimed at increasing the energy supply to cardiomyocytes or to involvement in autophagic programmed cell death ([@b15-mmr-17-02-2089],[@b70-mmr-17-02-2089]).

Myocardial ischemia-induced autophagy may promote cell survival, thereby preserving cardiomyocyte energy homeostasis. Myocardial regions with increased autophagic activity are exhibited with fewer apoptotic cells, suggesting that the induction of autophagy may prevent apoptosis. Mild ischemic stimuli trigger the autophagic mechanism, whereas severe and sustained ischemia tilt the signaling balance towards apoptosis and necrotic cell death. Mounting evidence supports that autophagy in chronic myocardial ischemia pertains to the cell\'s compensatory mechanisms aimed at increasing the energy supply to meet cellular demand, and that autophagy augmentation may be a novel strategy on myocardial protection ([@b16-mmr-17-02-2089],[@b71-mmr-17-02-2089]). Apparently, the process of autophagy that predominately acts as a cytoprotective mechanism has been linked to both modes of cell death (apoptosis and necrosis) and behaves either as a pre-survival or pre-cell death process ([@b72-mmr-17-02-2089]). Cell death following ischemia reperfusion injury appears to be a mixture of apoptosis, autophagic cell death and necrosis, suggesting a lack of borders among the three modes of cell death as well as the crosstalk regulation among them ([@b73-mmr-17-02-2089]). Autophagy impairment is associated with the accumulated misfolded proteins and dysfunctional mitochondria that inversely affect the post-myocardial infarction remodeling process. In clinical practice, autophagy impairment is associated with myocardial ischemia augmentation, and is predisposed to multiple myocardial dysfunctions, including increased risk for arrhythmias, decreased cardiomyocyte contractility reserve, reduced resistance to ischemic reperfusion injury and increased inflammation process ([@b74-mmr-17-02-2089]). Parkin protein deficiency, which reduces mitophagy, is associated with an increase of cardiac remodeling, dysfunctional mitochondria accumulation and reduced survival ([@b70-mmr-17-02-2089]). By contrast, metamorfin administration, a well-known oral diabetes medicine, increases insulin sensitivity and consequently its antidiabetic effect, by activating the adenosine monophosphate (AMP)-activated protein kinase (AMPK) concentration, which in turn promotes autophagy and antioxidant protection ([@b75-mmr-17-02-2089]).

Myocardial hypertrophy is associated with several hypertrophy-related signaling pathways, which are also involved in cardiomyocyte autophagic downregulation ([@b76-mmr-17-02-2089]). Cardiac hypertrophy secondary to systemic hypertension or left ventricular pressure overload is related to attenuation of the cardiomyocyte autophagic process, promoting myocardial mass hypertrophy ([@b77-mmr-17-02-2089]). By contrast, autophagy is activated during the regression of hypertrophy following the appropriate treatment, suggesting the link between cardiomyocyte autophagy and myocardial hypertrophy ([@b78-mmr-17-02-2089]). The development of dilated cardiomyopathy and heart failure is related to advanced apoptotic and autophagic programmed cell death. The molecular mechanism in hypertrophic and dilated cardiomyopathies is associated with distinctive features of the apoptosis, autophagy and necrosis process ([@b79-mmr-17-02-2089]). The remodeling process of compensative hypertrophic cardiomyopathy is associated with reduced autophagy, whereas the induction of the apoptosis process, promotes progressive ventricular dysfunction due to the advanced rate of the cell death process ([@b80-mmr-17-02-2089]). Autophagic *Atg5* gene deficiency is associated with myocardial hypertrophy, left ventricular dilatation and contractile dysfunction due to the accumulation of abnormal proteins, which in turn promote ER stress, leading to cell death apoptosis. In addition, *β*-adrenergic stimulation that promotes apoptosis and inhibits autophagy leads to myocardial hypertrophy and heart failure ([@b81-mmr-17-02-2089],[@b82-mmr-17-02-2089]).

In human idiopathic-dilated cardiac failure, the proportion of autophagic, apoptotic and necrotic cell death is 0.08, 0.002 and 0.06%, respectively, indicating the functional crosstalk of the three cell modes of death. However, whether autophagic activity is a sign of failed cardiomyocyte repair or a pathway leading to the cell death of failing cardiomyocytes is unclear ([@b79-mmr-17-02-2089]). The suggestion that autophagic activity is upregulated in failing myocardium may indicate that adaptive autophagy impedes both the accumulation of abnormal proteins and myocardial dysfunction in failing cardiomyopathy ([@b83-mmr-17-02-2089]). The effectiveness of protective autophagy during myocardial reperfusion injury has been examined during the remodeling process of myocardial infarction. Edified autophagic activity in surviving cardiomycytes of the subacute and chronic phase of myocardial infarction is suggestive to its protective role during post-infarction myocardial remodeling procedures ([@b84-mmr-17-02-2089]).

Reversible myocardial reperfusion injury is associated with adaptive autophagy induction resulting in the preservation of mitochondrial ATP production and promotion of cardiomyocyte survival ([@b85-mmr-17-02-2089]). Irreversible reperfusion injury or 'lethal reperfusion' is associated with non-apoptotic cell death and associated with the autophagy of cell death ([@b86-mmr-17-02-2089]).

The myocardial cell homeostasis lifespan is regulated by the mechanism of autophagy, combating against aging cardiomyopathy ([@b87-mmr-17-02-2089],[@b88-mmr-17-02-2089]). Early signs of myocardial cell senescence secondary to the intracellular accumulation of misfolded proteins and organelles are associated with the deletion or inhibition of myocardial autophagic genes, including *Atg1*, *Atg7*, *Atg18* and *Beclin1*, suggesting the correlation of autophagic attenuation with aging ([@b89-mmr-17-02-2089]). The autophagic process in the aging process is characterized by a gradual weakness to remove the damaged proteins and organelles that have accumulated both extra- and intra-lysosomally. The so-called biologic 'waste' reveals autophagic insufficiency in elderly populations. Consequently, a cohort of age-related cardiovascular diseases, such as hypertension, dyslipidemia, diabetes mellitus and metabolic syndrome, which constitute the major causes of morbidity and mortality in the elderly, may have a molecular association with autophagic insufficiency ([@b90-mmr-17-02-2089]).

Diastolic myocardial dysfunction is relatively common in aged myocardium secondary to the increased cardiomyocyte fibrosis, oxidation and inhibition of sarcoplasmic reticulum (SR) Ca^2+^ ATPase (SERCA2A) and mitochondrial dysfunction ([@b91-mmr-17-02-2089]). Systolic myocardial dysfunction, also present in the elderly, may represent mitochondrial dysfunction-dependent apoptosis and reduced cardiomyocyte energy production, which is associated with aging populations ([@b92-mmr-17-02-2089]). Consequently it seems in response to oxidative stress stimuli a plethora of cellular signal transduction pathways are tightly regulated by adaptive autophagy preserving myocardial cell homeostasis. In clinical practice, Jahania *et al*, reported that the activation of adaptive autophagy constitutes the underlying molecular mechanism of HIR^2^ in response to myocardial ischemic stress stimuli during cardiac surgery procedures ([@b31-mmr-17-02-2089]).

Garcia *et al* noted the evidence of impaired autophagy mechanism in cardiac surgery patients who developed postoperative atrial fibrillation (AF) ([@b93-mmr-17-02-2089]). In addition, Kassiotis *et al* showed that both transcript and proteins levels of autophagy markers and mediators are decreased in the failing human heart with mechanical unloading with a left ventricular assist device (LVAD) ([@b94-mmr-17-02-2089]). Singh *et al* have demonstrated the global pattern of autophagy gene activation in human myocardium after acute IR injury in cardiac surgery procedures, supporting the evidence of global autophagy activation to limit cardiac failure in response to myocardial reperfusion injury ([@b95-mmr-17-02-2089]).

5.. Myocardial cell homeostasis in cardiac surgery era
======================================================

The classic cardiac surgery era, defined through the use of CPB machine function and myocardial cardioplegic arrest, represents the most controlled scenario for cardiomyocyte homeostatic disturbances due to systemic inflammatory response and reperfusion injury, which involve the whole spectrum of consequences ranging from reversible to irreversible myocardial injury ([@b53-mmr-17-02-2089],[@b54-mmr-17-02-2089],[@b56-mmr-17-02-2089]).

Myocardial cell homeostasis instantly after CPB termination constitutes the sequence of molecular interrelated and overlapping mechanisms of apoptosis, autophagy and necrosis that are activated by a plethora of induced inflammatory mediators and gene-related signaling pathways. Despite the myocardial protection-applied techniques during cardiac surgery procedures, the severity and spread of myocardial reperfusion injury mainly depends on the stress stimuli violence, ischemic myocardial time and patient endogenous defense against ischemia-reperfusion injury ([@b96-mmr-17-02-2089]).

Molecular and cellular events following ischemia/reperfusion (I/R) are extremely complicated, representing the convergence of divergent biological pathways ([@b3-mmr-17-02-2089]). Ischemia increases the concentration of the intracellular ions Na^+^, H^+^ and Ca^2+^ resulting in tissue acidosis, whereas reperfusion provokes rapid alterations in ion flux resulting in expeditious phonon (PH) renormalization and in enhanced cytoxicity ([@b97-mmr-17-02-2089]). Ca^2+^ overload, expeditious PH renormalization and ROS accumulation are the stimuli for MPTP, resulting in cell death ([@b98-mmr-17-02-2089],[@b99-mmr-17-02-2089]).

Early pioneers in cardiac surgery identified the patterns of the systemic patient\'s 'host' injury after CPB procedures. Kirklin first suggested that the harmful consequences of CPB were secondary to blood exposure to synthetic surfaces of the bypass circuit that trigger the 'whole body' inflammation response ([@b100-mmr-17-02-2089]).

Subsequent studies have been established regarding CPB-associated systemic inflammatory mediators, including complement activation, release of cytokines, endothelial cell activation, production of oxygen-free radicals, platelet-activating factor (PAF), NO and endothelins, which are responsible for CPB-associated multiple organ injury in cardiac surgery patients ([@b56-mmr-17-02-2089],[@b57-mmr-17-02-2089],[@b101-mmr-17-02-2089]). Multiple organ dysfunction encountered in post-bypass syndrome following cardiac surgery procedures, including myocardial, pulmonary, cerebral and renal, suggest the presence of apoptotic injury which accounts for a substantial morbidity and even mortality in cardiac surgery patients ([@b56-mmr-17-02-2089],[@b57-mmr-17-02-2089]).

Moreover, the use of CPB and cardioplegic arrest provoke a distinguishable mode of changes in molecular signal transduction pathways to the myocardium, including the upregulation of inflammation activators, apoptotic and stress gene activation, as well as immunoglobulin gene downregulation, which affects post-operative myocardial cell homeostasis and the outcome of cardiac surgery patients ([@b102-mmr-17-02-2089]--[@b104-mmr-17-02-2089]).

Myocardial reperfusion injury in the cardiac surgery era is different from that occurring during myocardial infarction, as myocardial ischemia is primarily a procedural issue, secondary to myocardial cardioplegic arrest, despite the myocardial preservation techniques employed during surgery ([@b105-mmr-17-02-2089]).

Clinically, cardiac surgery procedure-associated I/R injuries often exhibited as arrhythmias, myocardial stunning, low-cardiac output and perioperative myocardial infarction. Biochemical evidence of myocardial injury (e.g., elevated levels of circulating CK-MB and/or troponin) has been clearly associated with adverse outcomes in cardiac surgery patients ([@b106-mmr-17-02-2089]). Histologic evidence of myocardial I/R injury during autopsy was detected in 25--45% of deceased patients soon after coronary artery surgery ([@b107-mmr-17-02-2089]).

Myocardial stunning or post ischemic dysfunction constitutes an appealing clinical issue that formulates the detrimental consequences of I/R injury regarding the postoperative myocardial contractility ([@b97-mmr-17-02-2089]).

The aforementioned term was coined by Braunwald and Kloner for the description of functional alterations occurring after a short period of induced myocardial ischemia ([@b108-mmr-17-02-2089]). Myocardial stunning is the reversible myocardial damage by reperfusion injury and is characterized by viable but non-functional myocardium with normal coronaries. It has been shown to appear after unstable angina, acute myocardial infarction, myocardial interventional and cardiac surgery procedures. The pathology mechanism is poorly understood irrespective of whether the two molecular mechanisms, reactive oxygen species and cytosolic calcium Ca^2+^ overload concentration, are reasonably applied. Notably, these mechanisms are intensely activated in cell apoptosis. The increasing apoptotic index in myocardial specimens from the left ventricle during cardiac surgery is associated with the depressed myocardial contractility displayed in the early postoperative period. These correlated findings suggest that myocardial apoptosis may promote postoperative myocardial depression, which characterizes myocardial stunning ([@b109-mmr-17-02-2089]). The mentioned data are noteworthy as cardiomyocyte apoptosis and stunned myocardium are associated with ROS generation and disruption of Ca^2+^ cell homeostasis ([@b12-mmr-17-02-2089]).

Calcium concentration is the principle ion for cardiomyocyte contraction; thus, its homeostasis is of paramount importance for the preservation of myocardial contractility. Raised cytosolic-free Ca^2+^ and ROS concentration may activate mitochondrial permeability transition (MPT), which induces the release of mitochondrial cytochrome *c*, causing the cell\'s inability of ATP preservation, thus initiating cell death apoptosis ([@b110-mmr-17-02-2089]).

Myocardial arrhythmias displayed early after CPB termination, may be triggered by the altered cytosolic Ca^2+^ homeostasis, and are acknowledged as a major cause of death in such patients ([@b111-mmr-17-02-2089]). In addition the first minutes of reperfusion, severe Ca^2+^ homeostasis dysregulation may promote cell death necrosis, and a controlled or mild homeostasis deregulation may promote cell death apoptosis. It should be mentioned that both apoptosis and autophagy are regulated by Ca^2+^ concentration ([@b112-mmr-17-02-2089]). Control of the cytosolic Ca^2+^ overload concentration is associated with reperfusion injury reduction ameliorating myocardial protection ([@b113-mmr-17-02-2089],[@b114-mmr-17-02-2089]). Furthermore, Ca^2+^ influx and myocardial I/R injury induce calcium-activated proteases (calpains), which are involved in the degradation process of cardiomyocyte contractive proteins, such as troponin I and the calcium cycling responsible proteins, known as SERCA2a and phospholamban (PLB) ([@b115-mmr-17-02-2089]).

Calpain activation has been reported to be a link between overload cytosolic Ca^2+^ concentration and cell death, resulting in the cleavage of *Atg5* autophagy gene, which translocates to mitochondria, binding the apoptotic *Bcl-2* gene and thereby stimulating cell apoptosis. These data suggest a considerable crosstalk between autophagy, apoptosis and necrosis cell death during myocardial I/R injury, owing to cytosolic Ca^2+^ concentration, calpain, caspases, and the Bcl-2 gene family ([@b69-mmr-17-02-2089],[@b116-mmr-17-02-2089]).

Additionally, cell Ca^2+^ cycling homeostasis is predominantly regulated by the combined action of SR proteins, known as SR Ca^2+^-ATPase and PLB. Molecular analysis has identified three isoforms of SR Ca^2+^-ATPase. The SERCA2a isoform, expressed in the myocardium, predominantly controls the cardiomyocyte Ca^2+^ influx and efflux load, representing the cornerstone of myocardial cell contraction and relaxation. PLB, which means 'to receive phosphate', is a small phosphoprotein (52 amino acids) termed PLB, from the Greek words 'phosphate' and 'lambano'. Phosphorylation of PLB is associated with an increased rate of Ca^2+^ uptake in SR, and the suspension of SERCA2a inhibition, resulting in an increase in SR Ca^2+^ concentration. Dephosphorylation of PLB inhibits the SERCA2a affinity for Ca^2+^. Moreover, increased levels of the SERCA2a protein during I/R conditions result in the improvement of myocardial contractility and Ca^2+^-cycling load, preserving myocardial cell homeostasis. By contrast, SERCA2a pump dysregulation is associated with failing cardiomyopathies both in systolic and diastolic phases ([@b117-mmr-17-02-2089]).

Ischemic cardiomyopathies are associated with a reduced rate of cardiomyocyte relaxation due to intracellular Ca^2+^ hemostasis disturbances, resulting in myocardial diastolic dysfunction and stiffness. Given that cardiomyocyte SERCA2a protein activity may reflect the myocardial ventricular performance, the SERCA2a level reduction and phosphorylation of PLB following CPB, may further elucidate the mechanism of ventricular dysfunction, which is associated with cardiac surgery procedures ([@b118-mmr-17-02-2089]).

In the context of this discussion, thyroid hormone T~3~ in particular, has the ability to allocate the available cellular Ca^2+^ towards the myocyte contractile apparatus, thereby avoiding Ca^2+^ overload myocardial injury ([@b119-mmr-17-02-2089]). T~3~ administration has been reported to improve left ventricular contractility following CPB by activating *β*-adrenergic agonists, receptors or phosphodiesterase inhibitors, resulting in increased levels of cardiomyocyte cyclic adenosine monophosphate (cAMP), indicating a tight relationship between the thyroid and myocardial function ([@b120-mmr-17-02-2089],[@b121-mmr-17-02-2089]). The underlying molecular mechanism seems to be the involvement of the SERCA/PLB complex, since the administration of thyroid hormone (T~3~) increases both SERCA2a mRNA and the phosphorylation state of PLB, which magnify the speed of contraction and diastolic relaxation of the left ventricular performance ([@b122-mmr-17-02-2089],[@b123-mmr-17-02-2089]).

On the other hand, insights have been gained regarding the decline of free (f) T~3~ concentrations during the early course following CPB resulting in the 'euthyroid sick syndrome' or 'low T~3~ syndrome'. It is characterized by total T~3~ and fT~3~ depressed concentrations, despite normal thyroid stimulating hormone (TSH) and thyroxine T~4~ levels ([@b124-mmr-17-02-2089],[@b125-mmr-17-02-2089]).

The syndrome belongs to the endocrine homeostasis disturbances, which are mostly associated with the catabolic state of cardiac surgery in patients with and without CPB. However, it has been identified in patients with myocardial infarction and heart failure ([@b126-mmr-17-02-2089],[@b127-mmr-17-02-2089]). Well-documented studies indicate the direct effectiveness of T~3~ on the sarcolemmal receptor systems that include the L-type Ca^+^ channel and *β*-adrenergic receptors of the myocyte, supporting the suggestion that in the presence of *β*-adrenergic receptor stimulation, T~3~ has the capability to regulate intracellular Ca^2+^ availability directly to the contractile apparatus ([@b120-mmr-17-02-2089]). Given the mentioned mechanism, cumulative lines of evidence provide a strong suggestion that a low T~3~ state may be associated with a strong predictor of low cardiac output and death in coronary artery bypass grafting (CABG) patients and that the T~3~ administration as an inotrope adjunct may reduce myocardial damage and stunned myocardium in CABG surgical procedures ([@b128-mmr-17-02-2089],[@b129-mmr-17-02-2089]). Indeed, a substantial number of randomized trials have reported the improvement of cardiac output, the reduction of inotropes diuretics, the need for intra-aortic balloon pump (IABP) ICU stay, and the incidence of postoperative AF following T~3~ administration as a therapeutic adjunct in cardiac surgery patients. However, despite the encouraging conclusions regarding the efficacy of Τ~3~ administration as an inotropic adjunct for myocardial recovery after cardiac surgery, further research is required for the investigation of potential T~3~ use-related side-effects with the increase in myocardial oxygen demand in this group of patients ([@b130-mmr-17-02-2089],[@b131-mmr-17-02-2089]).

Apart from the beneficial effects of thyroid hormone in stunning myocardium, its cytoprotective mechanism on ischemic myocardium is associated with Akt signaling pathway activation, which may increase the phosphorylation state of heat shock proteins (HSP), in particular HSP20. This results in amplification of the endogenous cytoprotective mechanism preserving myocardial contractility (inotropic effect) ([@b132-mmr-17-02-2089],[@b133-mmr-17-02-2089]). The HSP20 cardioprotective effect against I/R is associated with reduced apoptosis owing to Bax/Bcl-2 and Akt pathway activation ([@b134-mmr-17-02-2089]). The associated improvement in myocardial performance suggests the beneficial effects of HSP20 phosphorylation in myocardial cell homeostasis.

6.. Myocardial homeostasis in current cardiac surgery settings
==============================================================

The final balance of the delicate myocardial cell homeostatic mechanism during cardiac surgery procedures is mostly defined from postoperative cardiac function and patient outcome. In the settings of current cardiac surgery procedures the surgeon\'s ultimate purpose, remains myocardial protection against the detrimental effects of reperfusion injury, which has been acknowledged as the cornerstone of successful patient outcome. Cardiac surgery practice uses several myocardial protection techniques, including the administration of intra- vs. extra-cellular or blood-based cardioplegia solutions delivered by ante- or retrograde routes, designated to prevent Ca^2+^ overload concentration in order to provide energy substrates, thereby reducing cellular and subcellular ROS generation to amplify the myocardial defense mechanism, minimizing the ischemic injury in arrested myocardium ([@b135-mmr-17-02-2089]--[@b137-mmr-17-02-2089]). However, despite the meticulously applied cardioprotective techniques, the remaining myocardial ischemia results in the triggering of myocardial apoptosis, imbalance of myocardial cell homeostasis and the development of cardiomyocyte reperfusion injury. In clinical terms, myocardial (I/R) injury subsequent to cardiac surgery procedures is frequently manifested as myocardial arrhythmias, infarction, low cardiac output, or even death ([@b104-mmr-17-02-2089],[@b135-mmr-17-02-2089],[@b138-mmr-17-02-2089],[@b139-mmr-17-02-2089]).

A common clinical scenario encountered early following cardiac surgery is the decline of myocardial performance up to 30--40% compared to preoperative baseline, which has been referred to as myocardial stunning ([@b109-mmr-17-02-2089]). On the other hand, in cardiac surgery patients, the nadir of myocardial dysfunction is estimated between 4 and 6 h postoperatively but myocardial depression may last for 30 days ([@b140-mmr-17-02-2089]). Beyond these time references, it has been mentioned that the mortality in CABG patients, with evidence of histologic myocardial reperfusion injury on autopsy, was detected in 25--45% of patients ([@b107-mmr-17-02-2089]).

In the settings of cardiac surgery procedures, the majority of cardiac surgery patients have a successful outcome. However, it is estimated that 10% of these patients, who have been subjected to elective and straightforward procedures, are complicated with low cardiac output syndrome requiring optimization of inotrope infusion or even IABP support ([@b141-mmr-17-02-2089]). Long-term and increasing levels of inotropic therapy for cardiac failure in such patients should be avoided since the apoptosis induced by the *β*-adrenergic pathway may have a negative impact on myocardial performance, e.g., arrhythmias and desensitization of cardiac *β*-adrenergic receptors. Given that the failing myocardial conditions following cardiac surgery procedures, such as low cardiac output and myocardial infarction, are associated with increased levels of endogenous catecholamines, the required inotropic support may follow in the form of alternative medication, such as phosphodiesterase inhibitors, instead of *β*-adrenergic receptors, in order to increase the levels of cAMP ([@b142-mmr-17-02-2089],[@b143-mmr-17-02-2089]).

Sustained postoperative low cardiac output conditions, e.g., stunning myocardium, are characterized by elevated serum levels of angiotensin II secondary to rennin-angiotensin and aldosterone system (RAAS) activation. Angiotensin II is a potent vasoconstrictor octapeptide affecting the systemic organs vascular tone *in vivo*, including the heart, kidney, brain and endocrine system. In particular, angiotensin II produces myocardial afterload augmentation, induces ventricular remodeling and stimulates the cardiomyocyte process of necrosis and apoptosis secondary to apotogenic gene induction, such as *c-myc*, *c-fos*, *c-jun* and *p53* proapoptotic genes ([@b144-mmr-17-02-2089],[@b145-mmr-17-02-2089]). Consistent with this hypothesis, the use of angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) has been suggested to inhibit apoptotic cell death ([@b146-mmr-17-02-2089]). Thus, it has been demonstrated that the long-term use of ACEIs and ARBs reduces morbidity and mortality in patients with diabetes, cardiovascular and kidney diseases. Nevertheless, its application remains controversial in cardiac surgery patients ([@b147-mmr-17-02-2089],[@b148-mmr-17-02-2089]).

The use of gloucocorticoids in the settings of cardiac surgery procedures, may have a beneficial effect on the surgical outcome, as it has been shown to mediate the attenuation of reperfusion injury, resulting in the improvement of myocardial protection and the amelioration of post-CPB myocardial function ([@b149-mmr-17-02-2089]).

The underlying mechanism may be related to the maintenance of calpastatin, the endogenous calpan inhibitor, which directly ameliorates Ca^2+^ dynamics in cardiomyocyte and minimizes myocardial (I/R) injury ([@b150-mmr-17-02-2089]).

In addition, short-term pretreatment with steroids in CABG patients has been demonstrated to reduce the incidence of postoperative AF by 50%. The molecular mechanism was found to be related to the mitigation of IL-6 inflammatory mediator associated with the CPB systemic inflammatory response ([@b151-mmr-17-02-2089]).

The issue for the optimal time for mechanical support (IABP, ventricular assist devices) initiation in failing hearts following cardiac surgery is a matter of surgical judgment, given the harmful effects of the extended inotropic support in such patients. Late initiation of mechanical support may have no beneficial effect on myocardial recovery since after a prolonged period of inotropic therapy an irreversible status of cardiac failure, 'burned out myocardium', may be caused, secondary to apoptotic cell death. By contrast, early mechanical support may increase the likelihood of myocardial recovery by limiting the induced myocardial apoptosis ([@b152-mmr-17-02-2089]--[@b154-mmr-17-02-2089]).

The acknowledgement that the majority of cardiac surgery patients recover from reperfusion injury suggests that the individual response to the CPB-associated cardiomyocyte homeostatic disturbances varies from person to person and it attests the patient\'s endogenous defense mechanism against the widespread consequences of (I/R) injury ([@b12-mmr-17-02-2089],[@b13-mmr-17-02-2089]).

It has also been validated that in patients with preoperative risk factors that limit the physiologic reserve against cardiac surgery-associated stress stimuli, such as the elderly, as well as those with systemic comorbidities, impaired left ventricular injection fraction or those who need lengthy CPB period, the risk of postoperative mortality exceeds 11% ([@b9-mmr-17-02-2089]).

Additionally, the presence of preoperative comorbidities, including obesity, metabolic syndrome or advanced age, compromise the patient\'s tolerance against reperfusion injury, as a consequence of the adaptive autophagic process restriction, resulting in the impairment of myocardial HIR^2^ ([@b30-mmr-17-02-2089],[@b155-mmr-17-02-2089],[@b156-mmr-17-02-2089]). In other words, the reported improvement of the cardiac surgery outcome following modification of preoperative comorbidities ([@b157-mmr-17-02-2089]), may be credited to the amplification of myocardial HIR^2^ and myocardial endogenous protective mechanisms in these patients ([@b19-mmr-17-02-2089],[@b31-mmr-17-02-2089],[@b158-mmr-17-02-2089]).

In addition, given the lifespan extension in the last few decades and the further expectation of life prolongation in the coming years, the prevalence of age-related diseases, such as cardiac diseases, are expected to increase in the aging population ([@b1-mmr-17-02-2089],[@b2-mmr-17-02-2089]). Despite the recent advances in the medical treatment of heart diseases, the substantial cohort of patients requiring surgical treatment, particularly the elderly, is due to increase. As already mentioned, cardiac aging is associated with myocardial hypertrophy, fibrosis, diastolic dysfunction, the accumulation of misfolded proteins and dysfunctional mitochondria as a result of cardiomyocyte autophagy attenuation ([@b73-mmr-17-02-2089],[@b88-mmr-17-02-2089]). Consequently, the exhausted autophagy in aging, strengthens the concept that the increased susceptibility to myocardial injury in the elderly population, is related to the impairment of the autophagic process ([@b158-mmr-17-02-2089],[@b159-mmr-17-02-2089]).

Additionally in view of the fact that in the aging population the endogenous cardiomyocyte protective mechanisms are attenuated in response to oxidative stress stimuli, indicates a reasonable link between the cell\'s adaptive autophagic dysregulation, the loss of cardiomyocyte homeostasis and the postoperative myocardial dysfunction ([@b160-mmr-17-02-2089]). The referred knowledge for the cardiomyocyte adaptive autophagy impairment in the elderly, obese, metabolic syndrome and low left ventricular ejection fraction patients, may suggest the limited tolerance of these individuals, against myocardial reperfusion injury encountered in cardiac surgery procedures.

Notably, the current guidelines for CABG surgery procedures, considering the patient\'s risk factors, myocardial and the coincidence of systemic co-morbidities, introduced the 'heart team' concept for a balanced multidisplinary preoperative evaluation, in order that the surgical strategy be individualized for each patient, ameliorating the surgical outcome ([@b161-mmr-17-02-2089]).

The mentioned discussion for the spectrum of myocardial homeostasis mechanisms in the settings of cardiac surgery procedures, may support at a molecular level clinical the dictum by Dr Sabic: 'Fit the operation to the patient, not the patient to the operation'. Specifically, he proposed the metioned concept, emphasizing the significance of surgical judgment to tailor the surgical treatment to the patient\'s individual characteristics such as age, and co-morbidities. This strategy make the particular procedure more likely to be successful ([@b162-mmr-17-02-2089]).

7.. Conclusions
===============

The present study has outlined the available knowledge regarding the cardiomyocyte adaptive homeostatic mechanism, and the patient\'s individual endogenous defense mechanism against myocardial reperfusion injury in the settings of cardiac surgery procedures. Myocardial homeostasis in relation to myocardial protection in cardiac surgery, remains an evolutionarily molecular and clinical research issue. Moreover, it is emphasized that the planned cardiac surgical treatment has to be individualized according to the patient\'s preoperative clinical characteristics (age, co-morbidities) that makes the particular procedure more likely to be successful.
